Candida albicans is a prevailing fungal pathogen with a diploid genome that can adapt to environmental stresses by losing or gaining an entire chromosome or a large portion of a chromosome. We have previously found that the loss of one copy of chromosome 5 (Ch5) allows for adaptation to the toxic sugar L-sorbose. L-Sorbose is similar to caspofungin and other antifungals from the echinocandins class, in that it represses synthesis of cell wall glucan in fungi. Here, we extended the study of the phenotypes controlled by Ch5 copy number. We examined 57 strains, either disomic or monosomic for Ch5 and representing five different genetic backgrounds, and found that the monosomy of Ch5 causes elevated levels of chitin and repressed levels of 1,3-␤-glucan components of the cell wall, as well as diminished cellular ergosterol. Increased deposition of chitin in the cell wall could be explained, at least partially, by a 2-fold downregulation of CHT2 on the monosomic Ch5 that encodes chitinase and a 1.5-fold upregulation of CHS7 on Ch1 that encodes the protein required for wild-type chitin synthase III activity. Other important outcomes of Ch5 monosomy consist of susceptibility changes to agents representing four major classes of antifungals. Susceptibility to caspofungin increased or decreased and susceptibility to 5-fluorocytosine decreased, whereas susceptibility to fluconazole and amphotericin B increased. Our results suggest that Ch5 monosomy represents an unrecognized C. albicans regulatory strategy that impinges on multiple stress response pathways.
C
andida albicans, a unicellular budding fungus, is a part of normal flora of the gut and genitalia. In healthy individuals, C. albicans causes superficial infection. However, in severely immunocompromised patients, C. albicans can cause systemic infections that lead to lethality, making this microbe an important opportunistic pathogen.
C. albicans' diploid genome of approximately 14.6 Mbp is organized into eight pairs of chromosomes that are known for their instability. The occurrence of aneuploid chromosomes is well documented in vitro, establishing that any chromosome can spontaneously become aneuploid upon culture in rich standard medium, that any kind of aneuploidy can occur, including loss or gain of an entire chromosome or a large portion of chromosome, and that aneuploidy is well tolerated (1) (2) (3) (4) (5) . In addition, a growing number of studies report the occurrence of various chromosome alterations in animal models or human patients (2, (6) (7) (8) . Reported aneuploidies include trisomies or duplication of the left arm of Ch5 (8) (9) (10) .
Laboratory studies provided insight into these chromosome alterations and demonstrated that in lethal or limiting environments, C. albicans can use reversible aneuploidy for survival and adaptation. For example, upon culture in media in which glucose was replaced by the toxic sugar L-sorbose, cells that do not utilize sorbose (Sou Ϫ ) survive, predominantly due to the loss of one chromosome 5 (Ch5), and acquire the ability to grow on sorbose (Sou ϩ ) (2, 11, 12) . Our long-term study of regulation by Ch5 monosomy revealed association of this regulation with an unanticipated complexity. For example, Ch5 carries multiple unique regions for negative control of growth on sorbose, with each region containing at least one unique negative controlling element, called CSU (control of sorbose utilization). The regions are scattered along Ch5, and the final number of regions is yet to be established. The monosomic condition of Ch5 downregulates, as expected, at least CSU51 (orf19.1105.2) and CSU53 (orf19.3931) from Ch5 and also upregulates SOU1 (sorbose utilization) from Ch4 that encodes sorbose reductase, which catalyzes the first step in the catabolic pathway of L-sorbose (11, 13, 14 , and E. Rustchenko, unpublished data). Furthermore, antisense regulation of CSUs is involved, as at least CSU51 and CSU53 produce, in addition to sense transcripts, long noncoding antisense transcripts, designated ASUs (activation of sorbose utilization). ASU and CSU transcripts are inversely related, and ASU elements act by enhancing growth on sorbose, i.e., counteracting CSU (14) . Adding to the complexity, transcription from monosomic Ch5 is under the control of various mechanisms. Approximately 34% of transcripts, including known CSUs, are controlled directly by the 2-fold decrease of template DNA. Approximately 9% of transcripts are upregulated by 2-fold or more above the disomic level. Strikingly, however, 58% of genes on Ch5 exhibit dosage compensation to counteract monosomy and keep transcripts at or close to the disomic level (15) .
Sorbose kills fungi by interfering with cell wall synthesis (16) (17) (18) (19) . This is similar to the action of the antifungal drugs from the echinocandin class (20) (21) (22) . The main purpose of the present study was to investigate the relationship between Ch5 copy number and susceptibility to a major antifungal agent of this class, caspofungin (CAS), as well as other major antifungals. We report here that adaptation-related Ch5 monosomy induces a complex regulatory network that results in remodeling of the structure of the cell wall and cellular membranes. As a result, the cell wall 1,3-␤-glucan and chitin content decreased and increased, respectively, whereas the content of cellular ergosterol decreased. These changes result in phenotypes that include alteration of susceptibility to at least four major antifungals, caspofungin, 5-fluorocytosine (5FC), fluconazole (FLU), and amphotericin B (AmB), and they are likely to be involved in the generation of drug-resistant strains.
MATERIALS AND METHODS
Strains, media, growth conditions, and primers. The strains JRCT1, RO29R4, and RO20G1 were randomly chosen from two collections of clinical isolates containing either strains from AIDS patients or strains collected from mothers and prematurely born children at Strong Memorial Hospital of Rochester. Collections are stored in frozen vials at Ϫ70°C, a procedure which interrupts cellular metabolism, preventing induction and propagation of genetic instability (4). The C. albicans laboratory strains SC5314 and 3153A were stored at Ϫ70°C upon arrival in our laboratory. These strains were previously extensively characterized for their electrophoretic karyotypes (4, 5) . The preparation of yeast-peptone-dextrose (YPD), sorbitol, and Lsorbose media has been described previously (15, (23) (24) (25) . In order to prepare solid medium, 2% (wt/vol) agar was added. Cells were routinely incubated at 37°C. Care was taken to grow and maintain cells in a way that prevents induction of chromosome instability (for details, see references 4 and 14) .
Primers used in this study are presented in Table 1 . Spot assay. The spot dilution assay was performed on solid medium (26) . Briefly, cells from a Ϫ70°C stock were streaked for independent colonies on YPD plates and incubated at 37°C until young colonies of the approximate size of 1 ϫ 10 5 to 3 ϫ 10 5 cells/colony grew up. Colonies then were collected, and serial 10-fold dilutions were prepared in sterile distilled water with the aid of a hemacytometer. The corresponding suspensions were plated at 10 4 , 10 3 , 10 2 , and 10 1 CFU per spot. The plates were incubated for 2 to 8 days at 37°C and photographed with a Molecular Imager Gel Doc XR ϩ system (Bio-Rad). Broth microdilution assay for susceptibility testing. MICs were determined in accordance with the CLSI reference M27-A3 broth microdilution method (27) . An inoculum of 2 ϫ 10 3 cells/ml was prepared in RPMI 1640 medium. Sterile polystyrene 96-well microtiter plates were prepared with serial 2-fold dilutions of the drugs, and then 50 l of the inoculum was added to each well, resulting in a final concentration of 1 ϫ 10 3 cells/ml in a total volume of 100 l per well. Inoculum-free, as well as drug-free, control wells were included. Each strain was tested in duplicate on the plates. Modifications included incubating the plates on a rotating shaker at 150 rpm at 35°C for 48 h and recording growth by reading the plates with a microplate reader (Spectra Max M5; Molecular Devices Corp.) at 600 nm. MICs were determined as the lowest concentration of drug that caused a significant diminution (Ͼ50%) of growth compared to growth in the drug-free control wells.
Determination of chitin content in the cell wall. The chitin content was determined by measuring the absorbance of glucosamine released by acid hydrolysis of the purified cell wall according to reference 28. Briefly, approximately 3,000 CFU was placed on YPD plates and incubated at 37°C until young colonies of the approximate size of 1 ϫ 10 5 to 3 ϫ 10 5 cells/colony grew up. Colonies then were washed from the surface of plates with sterile distilled water and collected by centrifugation. Cells were washed three times with sterile distilled water, suspended in sterile distilled water, and disrupted with 0.5-mm glass beads (11079105; BioSpec Products, Inc.) using a Mini-Beadbeater (BioSpec Products, Bartlesville, OK). Cell debris was washed five times with 1 M NaCl. Cell wall was extracted in SDS-MerOH extraction buffer (50 mM Tris, 2% sodium dodecyl sulfate, 0.3 M ␤-mercaptoethanol, 1 mM EDTA, pH 8.0) at 100°C 29 . Briefly, cells were prepared as described above, washed twice with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), suspended in 250 l of TE buffer, and then adjusted with a spectrophotometer (Beckman DU-64 spectrophotometer) to an optical density at 600 nm (OD 600 ) of 0.2. A total of 0.5 ml of the cell suspension was mixed with 0.1 ml of 6 M NaOH. 1,3-␤-Glucan was solubilized by incubation in a water bath at 80°C for 30 min, followed by addition of 2.1 ml of aniline blue mix consisting of 0.03% aniline blue, 0.18 M HCl, and 0.49 M glycine-NaOH, pH 9.5. The tubes were vortexed briefly and then incubated for 30 min at 50°C and for an additional 30 min at room temperature. Fluorescence of 1,3-␤-glucan was measured with a fluorescence plate reader (Spectra Max M5; Molecular Devices Corp.). An excitation wavelength of 400 nm/slit and an emission wavelength of 460 nm/slit with a cutoff of 455 nm were used to measure fluorescence. Fluorescence intensities were compared.
Determination of the cellular content of ergosterol. Total cellular sterols were extracted by the alcoholic KOH method, and the ergosterol content was determined as a percentage of the wet weight of the cells according to references 30 and 31. Briefly, cells were prepared as described above and boiled at 85°C for 1 h in 25% alcoholic KOH (25 g of KOH and 35 ml of sterile water, brought to 100 ml with 100% ethanol). One ml of sterile water and 3 ml of n-heptane (J. T. Baker, Stehelin AG, Basel, Switzerland) were added, followed by vigorous vortexing for 3 min. The heptane layer was diluted 5-fold in 100% ethanol and measured by a spectrophotometer (Spectra Max M5; Molecular Devices Corp.) at both 281. Determination of resistance to zymolyase. Cells were prepared as described above and adjusted with a spectrophotometer (Beckman DU-64) to an OD 600 of 0.5 in the solution of 10 mM Tris-HCl, pH 7.5, containing 50 g/ml of zymolyase 20T (U.S. Biological, Swampscott, MA). Cells were incubated at 37°C for 4 h. The decrease in optical density was monitored at a time interval of 0.5 h with the spectrophotometer.
Colony PCR. Cells were prepared as described above for colony PCR. An individual colony was picked and suspended in 50 l of sterile water in a 250-l microcentrifuge tube, and PCR was performed according to methods from reference 32.
DNA profiling by aCGH. Chromosome ploidy was determined by array comparative genome hybridization (aCGH) according to reference 15 with tiling microarrays that were custom designed by Roche NimbleGen Inc. Each of the microarrays contains 710,907 probes covering the C. albicans genome four times, with approximately 20,000 probes covering Ch5 (15) .
RNA profiling by expression arrays. Expression data of several genes of interest were extracted from raw data available at GEO under the accession numbers GSM455127 to GSM455132. These data were obtained with custom-designed CustomArray expression microarrays from CombiMatrix Corporation (Mukilteo, WA). Arrays are based on 6,321 open reading frames (ORF) found in assembly 19 of the C. albicans genome sequence. Each such microarray contains oligonucleotides that were designed to correspond to the 5= and 3= regions of the ORFs. Each chip contains 11,898 probes that spread across 12,000 spots (see reference 15 for details).
RT-PCR and semiquantitative analysis. RNA isolation, reverse transcription-PCR (RT-PCR), and semiquantitative RT-PCR analysis were conducted as previously described by us (14, 15) .
Miscellaneous. DNA sequencing was performed in the Core Facility at the University of Rochester using a BigDye Terminator v3.1 cycle sequencing kit on an ABI 3730 Prism genetic analyzer. The PCR method was previously described by Kravets et al. (15) . Separation of chromosomes was previously described by Ahmad et al. (4) .
Microarray data accession number. Raw data were deposited in the Gene Expression Omnibus (GEO), http://www.ncbi.nlm.nih.gov/geo, under accession number GSE48093.
RESULTS
Generation of sequential mutants having monosomic or reduplicated condition of Ch5. To study the effect of Ch5 copy number, we used a large group of related strains having either one or two copies of Ch5. We took advantage of previously generated mutants with one Ch5 copy that were derived from the laboratory strain 3153A: parental disomy of Ch5¡Ch5 monosomy due to loss of either one of two copies of Ch5. We also took advantage of a previously constructed sequential series also derived from 3153A: parental disomy of Ch5¡Ch5 monosomy¡duplication of remaining Ch5 (11; reviewed in reference 2), as observed, for example, in the strains 3153A¡Sor122¡Sor122-R (Table 2) . Monosomic mutants of 3153A were generated by a well-established procedure of passing strains through medium containing toxic L-sorbose as the sole source of carbon. While most of the Sou Ϫ parental cells died on sorbose plates, Ch5 monosomy occurred with relatively high frequency in the surviving cells and rendered the Sou ϩ phenotype (11, 12) . Each Sou ϩ mutant was generated from independently grown cultures and resulted from an independent mutational event. Derivatives with duplicated remaining Ch5 copies were obtained from the monosomic mutants in the absence of selection for sorbose. The chromosome condition of monosomic mutants and duplicated derivatives was determined by precise separation of chromosomes with pulsed-field gel electrophoresis (PFGE) (11, 12) . In addition, the chromosome condition of the mutant Sor125(55), which was previously published under the name Sor55 (11), has been analyzed by the aCGH approach (15) .
We also examined the 3153A Ch5 monosomic mutants F6-RA, F6-RB, F6-RC, and F6-RD that were derived from mutants rescued in the presence of toxic 5-fluoroorotic acid by the amplification of an unknown portion of one copy of Ch5. The mutants F6-RA, F6-RB, F6-RC, and F6-RD spontaneously lost an enlarged Ch5 and retained a normal Ch5, acquiring Ch5 monosomy in the absence of sorbose exposure. The chromosome condition of those strains was also determined by precise separation of chromosomes with PFGE (26) .
In this work, Ch5 monosomy of each 3153A mutant was additionally confirmed by demonstrating the loss of heterozygosity at the MTL locus carried on Ch5. For this analysis we used the colony PCR method with primers specific for the MTLa or MTL␣ locus (Table 1) , as exemplified by the representative mutant Sor41 in Fig. 1 .
Finally, using the approaches described above, we also generated Ch5 monosomic mutants from three clinical isolates, RO29R4, JRCT1, and RO20G1 (Materials and Methods), as well as from the sequencing strain SC5314 (http://www .candidagenome.org/) ( Table 2 ). Each newly derived mutant was confirmed for the loss of heterozygosity at the MTL locus on Ch5 as described above (Fig. 1) . In four representative mutants, Sor91, Sor321, Sor322, and Sor343, having three different genetic backgrounds (Table 2) , Ch5 monosomy was confirmed as the only aneuploid change with the aCGH approach (Fig. 2) . A total of 8 monosomic mutants, derivatives of the strains RO29R4, JRCT1, and SC5314, were used to create multiple series of related strains, parental¡Ch5 monosomy¡Ch5 reduplicated, similar to the 3153A series (Table 2) .
Overall, 57 strains were used in this study, including 5 parental strains with two normal Ch5 copies representing 5 different genetic backgrounds, 29 strains with Ch5 monosomy, 11 strains with reduplicated Ch5, and 8 control strains that spontaneously 
a Derivatives with the same genetic background are shown in sequential order from top to bottom. See Results for further explanation. CAS, 5FC, FLU, and AmB stand for caspofungin, 5-fluorocytosin, fluconazole, and amphotericin B, respectively. S, R, and P denote increased susceptibility or sensitivity, decreased susceptibility, resistance, and no susceptibility change or parental, respectively. Two prominent patterns of susceptibility to antifungals are indicated by boldface. Note that Sor125(55) and Sor1210(60) were previously published under the names Sor55 and Sor60, respectively (15) . b F6-RA, F6-RB, F6-RC, and F6-RD acquired Ch5 monosomy spontaneously (26) . c Sor5 is an exceptional Sou ϩ mutant having a deletion of one Ch5 copy instead of Ch5 monosomy (36) . Spontaneous m mutants have Ch5 lost and reduplicated (m5 and m6), as well as a single (m15) or multiple (m2, m7, m8, and m16) trisomic chromosomes or other chromosomal rearrangements outside Ch5 (2, 23, 37).
FIG 1
Products of PCR amplification obtained with total DNA of each strain and primers specific for the MTLa or MTL␣ locus. Presented are parental strains RO29R4, JRCT1, RO20G1, and SC5314 and their mutants, as indicated. Also presented are control amplifications with 3153A and its representative mutant Sor41, monosomic for Ch5 (2), as well as its exceptional mutant, Sor5, that became resistant to sorbose due to a large deletion on one of two Ch5 copies (36) . Note that two bands, the upper band for MTL␣ on Ch5b and the lower band for MTLa on Ch5a, are amplified from DNA of parental strains or the exceptional Sor5, while one band of either kind is amplified from the mutants. See Table 2 for the relationships between strains.
Susceptibility to Antifungals in Candida albicans
October (Table 2) . Ch5 copy number controls susceptibility to caspofungin, 5-fluorocytosine, fluconazole, and amphotericin B. As expected from our previously published studies (2, 11) and as described above, all sorbose-generated Sou ϩ mutants became monosomic for Ch5, in contrast to Sou Ϫ parentals disomic for Ch5. The strains with remaining duplicated Ch5 reverted, as expected, to Sou Ϫ . All strains either monosomic or disomic for Ch5 (Table 2 ) were tested for the ability to grow in the presence of the antifungals caspofungin, 5-fluorocytosine, fluconazole, and amphotericin B. The test was performed with a plate spot assay, as shown in Fig. 3 . Each measurement was repeated up to four times. Because different strains have different intrinsic susceptibilities for the same drug, we conducted pilot experiments with a range of concentrations for each drug that started from close to 0 and gradually increased. For each drug, we identified several optimal drug concentrations that revealed growth differences between each parental strain and its derivatives based on the number of growing spots (see Fig. S1 to S4 in the supplemental material). For example, no growth in any of the four spots on the plate (Fig. 3, Sor322 versus RO29R4 in the presence of caspofungin), or greatly reduced growth in first two spots from left to right and no growth in the two remaining spots (Fig. 3, Sor71 versus SC5314 in the presence of fluconazole), is considered suppressed growth compared to that of the parentals. The presence of a few colonies, instead of confluent growth, in the two leftmost spots was interpreted as resulting from mutations that confer resistance; the presence of faster-growing papillae over the confluent growth was interpreted as resulting from compensatory mutations allowing growth. The growth difference between a parental strain and its derivative was attributed to a difference in drug susceptibility ( Table 2 ). The agar-based spot assay has been reported to be a precise and reproducible method for determining relative caspofungin susceptibility (33) . Our experiments also confirmed the spot assay as a precise and reproducible method to determine relative caspofungin susceptibility as well as other relative antifungal susceptibilities (see Fig. S1 to S4 in the supplemental material).
We found that monosomy of either one of two Ch5 copies was closely correlated with growth changes in the presence of multiple drugs compared to the parental strain. Specifically, Ch5 monosomy decreased susceptibility to caspofungin in 9 out of 29 of the tested mutants, increased susceptibility in 17 mutants, and did not affect susceptibility in 3 mutants, as shown in Fig. 3 and summarized in Table 2 . For more results, see Fig. S1 to S4 in the supplemental material. All monosomic mutants showed increased resistance (indicated in Table 2 as R) to 5-fluorocytosine. Most of the monosomic mutants showed increased sensitivity (S) to both fluconazole and amphotericin B, except 6 out of 8 of the 3153A mutants that retained parental (P)-like growth in the presence of amphotericin B. The MTLa or MTL␣ locus, each carried on one Ch5 copy, did not seem to segregate with the fluconazole phenotype, as previously debated (8, 34, 35) . A total of 22 out of 29 mutants, or 76%, revealed two prominent patterns of susceptibility, R/R/S/S or S/R/S/S, referring to caspofungin/5-fluorocytosine/fluconazole/amphotericin B susceptibilities (Table 2) .
In 11 analyzed derivatives with reduplicated Ch5, the susceptibility levels predominantly reverted to the parental levels. Sor125(55)-R acquired a caspofungin phenotype somewhere between the parental and monosomic mutant phenotype, whereas Sor321-R acquired better growth than the parental strain grown in the presence of caspofungin.
To further understand how Ch5 copy number controls drug susceptibilities, we used an exceptional Sou ϩ mutant, Sor5, that arose from 3153A via a large deletion on one Ch5 copy instead of Ch5 monosomy (see Fig. 1 in reference 36 ) yet showed no susceptibility changes (Table 2 ; also see Fig. S1 to S4 in the supplemental material). These results suggest that exposure to sorbose alone or lack of the portion of the chromosome described above is not sufficient to induce susceptibility changes; rather, Ch5 monosomy or a larger deletion is required. Consistently, the Ch5 monosomic mutants F6-RA, F6-RB, F6-RC, and F6-RD, which were derived from 3153A without exposure to sorbose, showed an S/R/S/S pattern that is more characteristic of 12 other monosomic sorbosegenerated mutants (Table 2 ). These findings also suggest that the method of obtaining Ch5 monosomy is irrelevant for phenotypes controlled by Ch5 copy number. We next extended our antifungal test to a total of 7 control mutants (m2, m5, m6, m7, m8, m15, and m16) that were derived spontaneously from 3153A during cultivation in rich liquid medium and showed various chromosome rearrangements, as demonstrated with PFGE (2, 23, 37). Mutants m5 and m6, which lost one copy of Ch5 and reduplicated the remaining Ch5, showed the P/P/P/P phenotype, similar to sorbose-generated monosomic mutants with reduplicated Ch5. Mutant m16, which lost one copy of Ch5 and reduplicated the remaining copy, gained an uncharacterized extra chromosome, and a shortened one, chromosome R, also showed the P/P/P/P phenotype. Mutant m15 with trisomy presumably of Ch7, showed strong repression of growth in the presence of caspofungin, i.e., the S/P/P/P phenotype. Mutant m2, with poorly characterized rearrangement of chromosomes, and mutant m8, with putative of the derivative/parental ratio for each of the tiling probes on each chromosome is plotted according to the chromosomal position of the probe. Thus, every point of the plot corresponds to a probe. The horizontal line at position 0 on the ordinate corresponds to no DNA change. Note the global diminution of the DNA on Ch5b but not on the other chromosomes in the derivatives Sor91, Sor321, Sor322, and Sor343 ( Table 2) . trisomy of Ch3, Ch6, and Ch7, both showed strong repression of growth in the presence of caspofungin or fluconazole and no change of growth in the presence of other antifungals, i.e., the S/P/S/P phenotype. Finally, m7, with putative monosomy of Ch7, trisomy of Ch3 and Ch4, and trisomy of an unknown chromosome, showed strong repression of growth in the presence of caspofungin or fluconazole as well as decreased susceptibility to 5-fluorocytosine, i.e., the S/R/S/P phenotype. A characteristic feature of some of those mutants is strong repression of growth in the presence of some antifungals. This response seems to be different from that of monosomic mutants. It also seems, based on the example of m7, that an increased number of rearranged chromosomes results in an increase of phenotypic disturbances.
We set out to confirm the results with an agar-based spot assay by a quantitative broth microdilution method that allows determination and comparison of MICs (Materials and Methods). We used a total of three sequential series of strains, parental¡Ch5 monosomy¡Ch5 reduplication, with each series representing a different genetic background, RO29R4, JRCT1, and SC5314 (Table 3). We also used the strain 3153A and its four Ch5 monosomic derivatives (Table 3 ). Each strain was tested for growth in the presence of caspofungin, 5-fluorocytosine, fluconazole, and amphotericin B, and results are presented as growth inhibition curves (see Fig. S5 in the supplemented material). MICs were determined and are presented in Table 3 . We found that the spot assays were confirmed in every case.
Ch5 copy number controls susceptibility to cell wall-damaging agents. We asked whether Ch5 monosomy affects the struc- Table 2 ). The monosomy, 1n, or disomy, 2n, condition of Ch5 is indicated. Larger papillae are interpreted as arising from mutations compensating for growth, as these appeared on supplemented as well as control media. Note that Ch5 monosomic mutants demonstrated less growth and smaller colonies than their normal parents on the control YPD medium. However, this pattern is reversed in the presence of toxic agent CAS or 5FC or enhanced in the presence of toxic agent FLU or AmB. Table 2 for spot assay results of the strains and for abbreviations.
October 2013 Volume 57 Number 10 aac.asm.org 5031 ture of the cell wall. For this, monosomic or reduplicated strains were grown, in three independent experiments, in the presence of a cell wall-damaging agent: caffeine, sodium dodecyl sulfate, or hygromycin B. Strains Sor5, m2, m5, m6, m7, m8, m15, and m16 (Table 2) , derivatives of 3153A that acquired various aneuploidies, were tested in a single experiment. As shown in Fig. 4 , all 29 monosomic mutants tested became more sensitive to caffeine, sodium dodecyl sulfate, or hygromycin B than parental 3153A (complete results are provided in Fig. S6 and Table S1 in the supplemental material). All 11 strains with duplicated Ch5 tested showed no difference from parentals, i.e., the reversed phenotype, with one exception. Some of the control strains showed a mixed response: at least 7 of 15 strains tested showed no growth difference from parental 3153A. In addition, monosomic mutants, reduplicated strains, or control strains derived from 3153A were tested to determine if their cell wall was resistant to zymolyase, which specifically hydrolyzes 1,3-␤ bonds in glucan. For this purpose, we conducted a time course experiment. We incubated cell suspensions with 50 g/ml of zymolyase 20T at 37°C and measured the absorbance at time intervals of 0.5 h with a Spectra Max M5 microplate fluorescence reader. All 16 monosomic mutants tested acquired resistance to zymolyase, while all 10 reduplicated strains tested had no increase in resistance ( Fig. 5 ; also see Table S1 in the supplemental material). Importantly, all of the control strains analyzed, Sor5, m2, m5, m6, m7, m8, m15, and m16, retained a level of zymolyase resistance similar to that of the parental strain. Zymolyase resistance has been suggested to result from changes in the structure of the glucan network (38, 39) or from masking, leading to less zymolase-mediated cleavage of 1,3-␤-glucan due to changes in the external mannoprotein layer (40, 41) . Ch5 copy number controls the level of 1,3-␤-glucan and chitin of the cell wall and the cellular level of ergosterol. We asked whether resistance to zymolyase, which hydrolyzes 1,3-␤ bonds of glucan (42) , could be due to a decreased number of 1,3-␤ bonds within the cell wall glucan. Using aniline blue, which fluoresces when bound to 1,3-␤ bonds, we determined fluorescence intensities from three independent experiments and calculated the results as means Ϯ standard deviations (SD). We found that fluorescence intensity decreased for mutants Sor125 (55) and Sor1210 (43), 9.2 Ϯ 1.3 and 9.6 Ϯ 0.2, respectively, compared to that of the parental strain 3153A, 13.9 Ϯ 0.4. This decrease corresponds to an approximately 1.5-fold decrease of 1,3-␤-glucan in the cell wall.
We also asked whether a decrease in cell wall 1,3-␤-glucan is accompanied by an increase in the cell wall chitin by measuring the absorbance of glucosamine released from hydrolyzed cell walls (44) . We compared 16 monosomic strains to 5 parental and 9 reduplication strains, and we found that chitin levels in monosomic strains increased significantly, ranging from 112 to 169% compared to the parentals (P Ͻ 0.05 by unpaired t tests). However, no significant difference was found in revertant strains with a reduplicated Ch5 compared to their parentals (Table 4) . Similarly, control strains with various chromosomal alterations (Sor5, m2, m5, m6, m7, m8, and m16) retained the parental 3153A level of chitin (Table 4) .
We also asked whether the amount of ergosterol changed in monosomic mutants, because the level of ergosterol has been shown to correlate with resistance to fluconazole or amphotericin B (45) . The amount of cellular ergosterol was determined from three independent experiments and calculated as means Ϯ standard deviations with two parental strains RO29R4 (1.10% Ϯ Table 2 ). The monosomy, 1n, or disomy, 2n, of Ch5 is indicated. The following monosomic mutants are included: Sor321, Sor322, Sor91, Sor92, Sor93, Sor71, Sor72, Sor73, Sor122, Sor123, Sor41, Sor43, Sor1210(60), Sor126, Sor128, and Sor125(55). The following reduplicated strains are included: Sor321-R, Sor91-R, Sor92-R, Sor93-R, Sor71-R, Sor72-R, Sor73-R, Sor125Sor125(55)-R, Sor122-R, and Sor123-R. The following control derivatives of 3153A are included: Sor5, m2, m5, m6, m7, m8, m15, and m16. The following parental strains are included: RO29R4, JRCT1, SC5314, and 3153A. See Table 2 for the relationships between strains. Each data point for monosomic mutants, reduplicated strains, or parentals is averaged from three independent experiments. Each data point for control derivatives of 3153A is averaged from two independent experiments. 0.01%) and 3153A (1.14% Ϯ 0.14%), as well as with one monosomic mutant of each: Sor321 (0.43% Ϯ 0.02%) and Sor125(55) (0.48% Ϯ 0.02%), respectively. Our data showed an approximately 2-fold decrease in the level of ergosterol in both monosomic mutants compared to their parental strains.
The FKS1 (GSC1) gene does not harbor point mutations and is not upregulated in Ch5 monosomic mutants. The C. albicans FKS1 (GSC1) (orf19.2929) gene, residing on Ch1 and encoding the catalytic subunit of the 1,3-␤-glucan synthase (22) , harbors frequent mutations in regions HS1 and HS2. Those mutations render decreased susceptibility to caspofungin in clinical isolates (46, 47) . We addressed the question of whether the decreased susceptibility to caspofungin in many Ch5 monosomic mutants is due to mutations in FKS1 (GSC1). We conducted PCR amplifications with primers for region HS1 or HS2 of FKS1 (GSC1) ( Table  1 ) from genomic DNA that was extracted from six pairs of parent/ Ch5 monosomic derivative strains: JRCT1/Sor91, RO29R4/ Sor321, RO29R4/Sor322, RO20G1/Sor343, 3153A/Sor1210 (43), and SC5314/Sor71 (Table 2) . No DNA mutations were detected in monosomic mutants compared to their parentals. No gene expression change of FKS1 (GSC1) was detected in three comparisons of monosomic strains to their parentals (see Table S2 in the supplemental material).
Expression level of some established genes that are implicated in chitin synthesis or drug-resistant mechanisms. We next determined the expression levels of two genes involved in chitin synthesis, CHS7 (orf19.2444) on Ch1 and CHT2 on Ch5 (orf19.3895), in the monosomic mutant Sor321 and its duplicated derivative Sor321-R. For this purpose, we used the semiquantitative RT-PCR method (examples of gels are presented in Fig. S7 in the supplemental material). We conducted three (for CHS7) or four (for CHT2) independent experiments. Expression levels were determined as mutant Sor321/parental RO29R4 ratios or reduplication derivative Sor321-R/parental RO29R4 ratios and calculated as mean ratios Ϯ standard deviations (Table 5 ). In the monosomic mutant, we found slight but statistically significant upregulation (1.4-fold) of CHS7, which encodes the protein required for wild-type chitin synthase III activity. In contrast, CHT2, encoding glycosylphosphatidylinositol-linked chitinase, was 2-fold downregulated. As expected, no expression changes occurred in the strain having two Ch5 copies. Previously generated data using a less precise expression array method showed consistent expression changes of CHS7 and CHT2 in monosomic strain Sor125(55) ( Table 5) . We also determined the expression level of TAC1 (orf19.3188) on Ch5, an activator of CDR genes for fluconazole efflux pumps on Ch3, and of ERG11 (orf19.922) on Ch5, encoding the target for fluconazole. Using four pairs of strains, we found that expression levels of TAC1 and ERG11 on Ch5 are partially compensated for by the dose and mutant/parent expression ratios, ranging from 0.6 to 0.8 (see Table S2 in the supplemental material). CDRs seemed to be slightly downregulated at least in some mutants. Interestingly, the MDR1 gene (orf19.5604) encoding multidrug efflux pumps had no change in expression.
Finally, we evaluated the expression level of FUR1 (orf19.2640) on Ch5, a gene in which decreased activity due to mutations is associated with flucytosine resistance in clade I clinical isolates (48) , and found that the expression of this gene was fully compensated for at the diploid level.
DISCUSSION
Earlier studies with the fungi Neurospora crassa and Aspergillus nidulans revealed that toxic properties of the sugar sorbose are due to inhibition of the 1,3-␤-glucan synthase activity, which kills cells by preventing the synthesis of the 1,3-␤-glucan component of the cell wall (16, 19) . This is similar to the action of the major antifungal caspofungin and other drugs from the echinocandin class that inhibit fungal 1,3-␤-glucan synthases, including C. albicans synthase (20) (21) (22) . Sorbose, echinocandin B, and papulocandin B were shown to be noncompetitive inhibitors of the 1,3-␤-glucan synthase activity in N. crassa (49) . We have previously found that monosomy of C. albicans Ch5 is a major mechanism to rescue cells that are dying due to sorbose exposure (see the introduction). Thus, cells monosomic for Ch5 acquire the ability to utilize sorbose and to resist sorbose.
In this study, we continued investigating the phenotypes controlled by Ch5 copy number. We designed experiments to include the related monosomic and disomic strains, the latter serving as a Gene expression was determined by the monosomic mutant/parent or duplicated derivative/parent mean ratio from three (CHS7) or four (CHT2) independent experiments using semiquantitative RT-PCR or expression arrays in the indicated pairs of strains. For strain information, see Table 2. controls, representing five different genetic backgrounds. The purpose of such a design was to enable us to study phenotypes controlled by Ch5 copy number regardless of the particular properties of a single genetic background. The growth of cells was rigorously standardized to compare cells in various tests at the same physiological state. By growing cells in the presence of the cell wall-damaging agents caffeine, hygromycin B, sodium dodecyl sulfate, and zymolyase and by measuring levels of 1,3-␤-glucan and chitin, we found that monosomy of chromosome 5 causes cell wall remodeling, a decrease of 1,3-␤-glucan, and an increase of chitin. Ch5 monosomy also causes a decrease of cellular ergosterol. Similar to negative regulation of growth on sorbose, our data imply that Ch5 carries genetic factors for negative control of chitin biosynthesis. Our data also suggest that Ch5 carries factors for positive control of glucan and ergosterol. We inquired about some mechanisms controlling the level of the cell wall chitin in our monosomic mutants. Fungal cell wall chitin metabolism involves synthesis by chitin synthases and hydrolysis by chitinases. In C. albicans, of the four C. albicans genes for chitin synthesis, CHS7 on Ch1 is a key regulator (50) . Its Saccharomyces cerevisiae ortholog CHS7 (YHR142W) is the only chitin synthase transcriptionally upregulated under all conditions in which chitin synthesis is increased (51) . Using the RT-PCR method that can detect small transcriptional changes, we found that CHS7 was slightly upregulated in a representative Ch5 monosomic mutant but not in its derivative with reduplicated Ch5. Furthermore, mutations or downregulation of CHT2 and CHT3 (orf19.7586) was shown to be involved in the tolerance to echinocandins (52, 53) . Because our expression profiling of the Ch5 monosomic mutant Sor125(55) indicated that CHT3 could be a silent gene while CHT2 on Ch5 could be downregulated (15) , we extended the analysis to CHT2 and confirmed the expected 2-fold downregulation on the monosomic Ch5 but not on the reduplicated Ch5. Previously, another laboratory found point mutations in CHT2 and CHT3 of a C. albicans laboratory mutant with decreased levels of 1,3-␤-glucan and increased levels of chitin (53) . The authors concluded that these mutations may affect the degradation of chitin, result in accumulation of chitin, and compensate for low 1,3-␤-glucan content. We propose that the combined 2-fold downregulation of CHT2 and slight upregulation of CHS7 contribute to an increased deposition of chitin in the cell wall of Ch5 monosomic mutants.
As expected, Ch5 monosomy decreased susceptibility to caspofungin in some of the tested mutants. However, susceptibility increased in some other mutants and a minor fraction of mutants had no susceptibility change. Importantly, reduplication of Ch5 reversed susceptibility changes in all analyzed derivatives, predominantly to the parental level, confirming the overall role of Ch5 copy number in the regulation of caspofungin susceptibility. On a special note, our monosomic mutants were generated on sorbose medium or occurred spontaneously; hence, we did not select for caspofungin resistance.
We have previously shown that exposure of cells to toxic agents is highly mutagenic, resulting at least in increased levels of homologous recombination and chromosome instability (12, 26, 54) . On the other hand, control by the monosomic Ch5 is a complex process involving, for example, a balance between a 2-fold reduction of gene copy number and a counteracting expression compensation for the dose that upregulates many Ch5 genes to disomic or close to disomic levels (see the introduction). Because we previously identified the CSU genes on Ch5 that encode negative regulators of growth on sorbose (see the introduction), we favor a model of Ch5 also carrying a CSC (for control of susceptibility to caspofungin) gene(s) to negatively regulate the susceptibility to CAS. The sense CSC transcripts could be fine-tuned by counteracting antisense transcripts, similar to ASU antisense transcripts that are imbedded in and regulate the CSU transcripts. Complex regulation is expected to have various outcomes that are more frequent in unstable genetic backgrounds. Indeed, the laboratory strain 3153A, which had a history of chromosome instability before being studied in our laboratory (55) and which could still retain a certain level of instability higher than that in other strains, showed the most variable caspofungin phenotype. Taken together, multiple known and unknown factors associated with control by Ch5 monosomy could be involved in determining levels of caspofungin susceptibility.
One generally recognized mechanism of caspofungin resistance found in clinical isolates that are associated with therapeutic failure consists of point mutations in FKS1 (GSC1) on Ch1, the gene encoding the catalytic subunit of the synthase for the cell wall 1,3-␤-glucan (47) . Such mutations were not found in our monosomic mutants. We did not find any change in transcription of FKS1 (GSC1) either. In some clinical isolates that have increased MICs but are not associated with therapeutic failure or in some laboratory strains, caspofungin resistance was also correlated with an increased level of cell wall chitin and cell wall thickness. In some of these strains, increased levels of chitin were coupled with decreased levels of glucan. Elevated chitin levels were proposed to contribute to cell wall rigidity and also to increased caspofungin resistance in C. albicans or increased resistance to echinocandins in other fungi (21, 44, 46, 47, (56) (57) (58) . Our two representative monosomic mutants, either more resistant or more sensitive to caspofungin, each showed decreased levels of 1,3-␤-glucan in the cell wall. Other monosomic mutants are also expected to have decreased levels of glucan, as they all became resistant to zymolyase, similar to the two representative monosomic mutants. Our data clearly indicated that Ch5 monosomy is associated with cell wall remodeling, resulting in decreased levels of glucan and increased levels of chitin. However, the genetic factors controlling chitin levels and caspofungin laboratory resistance seem to be different. The relationship between chitin level and susceptibility to caspofungin, as controlled by Ch5 copy number, requires further study.
To more fully understand the consequences of Ch5 monosomy, we tested our strains for susceptibility to other major antifungals, such as 5-fluorocytosine, fluconazole, and amphotericin B, each representing the major class of antifungals 5-fluorinated cytosine, azoles, and polyenes, respectively. We found that Ch5 monosomy resulted in decreased susceptibility to 5-fluorocytosine accompanied by increased susceptibility to fluconazole and amphotericin B. Interestingly, one proposed mechanism of resistance to 5-fluorocytosine is downregulation of the FUR1 gene (59), which resides on Ch5. However, FUR1 is transcriptionally compensated for to the disomic level in Ch5 monosomic mutants, which strongly suggests that a different mechanism of resistance is involved. One such mechanism could be a 2-fold decrease of the copy number of a single or multiple putative regulatory genes on Ch5, whose products need to be diminished in order for 5-fluorocytosine susceptibility to decrease. We cannot exclude differences in expression of other genes that affect transport or metab-olism of 5-fluorocytosine (43) . The duplication of the Ch5 left arm was previously shown to confer fluconazole resistance due to an increased copy number of two Ch5 genes, TAC1, a positive regulator of CDR genes for fluconazole efflux (6, 10) on Ch3, and ERG11, encoding the target of azoles (60, 61) . In our monosomic mutants, an opposite rearrangement that produces a 2-fold decrease in the copy number of TAC1 and ERG11 produced the expected and dramatic increase in susceptibility to fluconazole. However, no obvious 2-fold downregulation of TAC1 and ERG11 on the monosomic Ch5 was observed, as could be expected, and these genes seem to partially compensate for the DNA loss. CDRs that are activated by TAC1 were not substantially downregulated. However, a slight downregulation of TAC1 and, subsequently, CDRs might be sufficient for the strong suppression of growth in the presence of fluconazole. Alternatively, another CDR-controlled efflux mechanism could be involved. This mechanism, however, does not involve MDR1 encoding an efflux pump of the major facilitator superfamily on Ch6 (62), because MDR1 transcription in the monosomic derivatives did not change, i.e., transcription remained at the diploid level. In addition, our data indicate that monosomic mutants acquired increased susceptibility to amphotericin B, which might be explained by a 2-fold decrease in ergosterol, which is the target of amphotericin B.
In summary, we found that Ch5 copy number controls cell wall metabolism and ergosterol biosynthesis. Ch5 monosomy causes increased levels of cell wall chitin and decreased levels of cell wall 1,3-␤-glucan and cellular ergosterol. Chitin increases are associated with Ch5 monosomy but not with aneuploidy of other chromosomes. A partial explanation for this association could be attributed to 2-fold downregulation of metabolic CHT2 on Ch5 that hydrolyzes chitin, as well as slight upregulation of CHS7 on Ch1 that is involved in chitin synthesis. Importantly, we demonstrate that Ch5 monosomy results in changing susceptibility to toxic agents, among them being four major antifungals, caspofungin, 5-fluorocycotine, fluconazole, and amphotericin B, each representing a different class of antifungals acting upon the cell wall, plasma membrane, or RNA synthesis. Ch5 monosomy can be associated with resistance to caspofungin, an important drug for the treatment of candidiases.
